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ABSTRACT 

Background 

Novel SARS-CoV-2 Variants of Concern (VoC) pose a challenge to controlling the COVID-19 

pandemic. Previous studies indicate that clinical samples collected from individuals infected with 

the Delta variant may contain higher levels of RNA than previous variants, but the relationship 

between viral RNA and infectious virus for individual variants is unknown.  

 

Methods 

We measured infectious viral titer (using a micro-focus forming assay) as well as total and 

subgenomic viral RNA levels (using RT-PCR) in a set of 165 clinical samples containing SARS-

CoV-2 Alpha, Delta and Epsilon variants that were processed within two days of collection from 

the patient. 

 

Results 

We observed a high degree of variation in the relationship between viral titers and RNA levels. 

Despite the variability we observed for individual samples the overall infectivity differed among 

the three variants. Both Delta and Epsilon had significantly higher infectivity than Alpha, as 

measured by the number of infectious units per quantity of viral E gene RNA (6 and 4 times as 

much, p=0.0002 and 0.009 respectively) or subgenomic E RNA (11 and 7 times as much, 

p<0.0001 and 0.006 respectively). 

 

Conclusion 

In addition to higher viral RNA levels reported for the Delta variant, the infectivity (amount of 

replication competent virus per viral genome copy) may also be increased compared to Alpha. 

Measuring the relationship between live virus and viral RNA is an important step in assessing 

the infectivity of novel SARS-CoV-2 variants. An increase in the infectivity of the Delta variant 

may further explain increased spread and suggests a need for increased measures to prevent viral 

transmission. 

 

 

 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 

 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 20, 2021. ; https://doi.org/10.1101/2021.09.07.21263229doi: medRxiv preprint 

https://doi.org/10.1101/2021.09.07.21263229
http://creativecommons.org/licenses/by-nc-nd/4.0/


SIGNIFICANCE STATEMENT 

Current and future SARS-CoV-2 variants threaten our ability to control the COVID-19 

pandemic. Variants with increased transmission, higher viral loads, or greater immune evasion 

are of particular concern. Viral loads are currently measured by the amount of viral RNA in a 

clinical sample rather than the amount of infectious virus. We measured both RNA and 

infectious virus levels directly in a set of 165 clinical specimens from Alpha, Epsilon or Delta 

variants. Our data shows that Delta is more infectious compared to Alpha, with ~ six times as 

much infectious virus for the same amount of RNA. This increase in infectivity suggests 

increased measures (vaccination, masking, distancing, ventilation) are needed to control Delta 

compared to Alpha. 

 

MAIN TEXT 

 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus which causes 

COVID-19, is responsible for 214,514,637 cases and 4,472,553 deaths as of August, 20211. 

Despite the rapid development of multiple effective vaccines, the emergence of genetically 

distinct viral lineages pose challenges to the ability to control the ongoing COVID-19 pandemic2. 

Changes in the viral genome as a result of mutations introduced by the viral polymerase can 

result in viral variants that have increased levels of transmission, replication and/or impact the 

effectiveness of current vaccines. These properties are assessed for variants detected by next 

generation sequencing and the World Health Organization classifies them as Variants of Interest 

(VOI) or Variants of Concern (VOC) depending on these factors3.  In the fall of 2020, the Alpha 

(B.1.1.7) variant emerged in the U.K. and was associated with increased transmission and spread 

before being designated a VOC in December, 20204,5,6,7,8. By late November of 2020, the 

Epsilon (B.1.429/B.1.427) lineage emerged in the US state of California9 with rapid spread and 
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signs of partial immune evasion, which resulted in its classification as a VOI by the WHO in 

March of 2021, before being downgraded in the summer of 2021 as Epsilon’s circulation was 

replaced by a newer variant8,10,11. Spread of the Delta (B.1.617.2) variant, first detected in India 

in the spring of 2021, appears to have dominated both the Alpha and Epsilon variants and now 

accounts for approximately 90% of viral sequences sequenced globally12. This increase in global 

spread, combined with a possible increase in disease severity compared to Alpha led to Delta 

being classified as a VOI in April 2021, and a VOC the following month8,13. The rise in 

transmission of the Delta variant appears to be at least in part due to increased viral fitness 

conferred by mutations in the furin cleavage site that render the virus able to more efficiently 

enter cells14,15. Furthermore, viral RNA levels in samples from people infected with Delta are 

reported to be higher than those of previous variants with an increased duration of viral 

shedding16,17,18,19. Of particular concern, the levels of RNA in upper respiratory samples from 

infected individuals are reported to be similar among vaccinated and unvaccinated 

individuals18,20. 

While increasing genomic surveillance has improved the ability to detect viral lineages in 

near real-time across many geographic areas, further investigation into the biological 

characteristics of these variants is required to better understand which mutations are responsible 

for observed increases in viral transmission. One difficulty of interpreting viral infectivity lies in 

the widespread use of viral RNA levels (measured by reverse transcriptase quantitative 

polymerase chain reaction [RT-PCR] in clinical samples used for SARS-CoV-2 diagnosis) as 

measurements of viral load. While it is logical to assume that there is a relationship between 

RNA and infectious viral levels, it is unlikely this is a fixed ratio in all scenarios. The genome to 

plaque forming units (PFU) ratio for SARS-CoV-2 has been reported to be in the range 103-
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106:1, while the original SARS is thought to be comparatively more infectious per particle, with 

a ratio of 360 genomes to each PFU21,22. Quantitative measurement of replication competent 

virus by plaque or focus assay would improve the ability to determine and interpret infectious 

viral loads for current and future variants, including VOI and VOC. 

To measure the infectious viral titers of SARS-CoV-2 clinical specimens, and the 

relationship between replication competent virus and viral RNA, we performed viral focus 

assays and RT-qPCR on a set of 165 SARS-CoV-2 positive samples belonging to the Alpha, 

Epsilon or Delta variants. To minimize variation resulting from sample handling, we exclusively 

used samples that had been frozen within two days of sample collection from the patient. Once 

collected, clinical samples are routinely stored and transported at 4ºC and our previous work 

demonstrated that infectious virus and RNA are stable at both 4ºC and room temperature for over 

four days23. While limited residual material in clinical samples makes performing traditional 

plaque assays technically challenging, we have successfully used a focus forming assay 

performed in 96-well plates to measure infectious viral titer of volumes as small as 100-200 

µl23,24. This approach enables us to measure individual infectious viral units directly from 

residual clinical samples, which to our knowledge are the first such measurements reported.  

As expected, we observed a positive correlation between the amount of viral E gene RNA 

and the level of infectious virus for all three variants (Fig. 1, Table S1). This was true for both 

total levels of RNA and E subgenomic RNA, as measured by the cycle threshold (CT) in which a 

sample is detected by RT-PCR, where a lower CT indicates more RNA.  Surprisingly however, 

there was a high level of variability in the ratio of RNA to virus, particularly in Delta, as some 

samples with similar CT values had viral titers over three logs (1,000-fold) apart. Despite the 

variability in RNA to infectious virus ratios for individual samples, we observed different trends 
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of overall infectivity between the three variants we studied. Both Epsilon and Delta had 

significantly higher infectivity than Alpha, as measured by the number of infectious units per 

quantity of viral RNA (Fig. 1A). We generated lines of best fit for each variant using linear 

regression on log transformed data and based on this model our data suggests that the Delta and 

Epsilon SARS-CoV-2 variants have 5.9 and 4.3 times as much infectious virus than Alpha, for 

samples with the same amount of total viral RNA (p=0.0002 and 0.009 respectively). We 

observed a similar trend when comparing infectious virus to subgenomic E RNA levels (11.3-

fold, p<0.0001; 7.3-fold, p=0.006) (Fig. 1B). While subgenomic RNA has been proposed as a 

specific marker of infectious virus25,26, we observed a broad range in the ratio of sgE RNA to 

infectious virus for our sample set (similar to that seen for total RNA), in line with previous 

reports suggesting that subgenomic RNA levels are not necessarily indicative of actively 

replicating virus27,28,29.  

A limitation of this study is the lack of access to metadata for the clinical specimens 

(including CT from targets other than E/sgE from diagnostic platforms), which may obscure 

differences in age, pre-existing conditions, days from exposure or symptom onset, and 

vaccination status. Furthermore, due to the timing of variant spread across the Pacific Northwest 

(and USA in general), the three variants for which we present data were not all circulating at the 

same time, and thus we cannot compare samples for all three variants collected simultaneously. 

We have attempted to address this by analyzing Alpha and Epsilon samples that were collected 

at the same time, and thus are drawn from a population that would be expected to have similar 

vaccination completion rates. In addition, we analyzed data for Delta samples collected on two 

different days (n=55 and 59) and did not observe a statistically significant batch effect. Recent 

work from the Klein, Pekosz and Mostofa groups indicates that infection with the Delta variant is 
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associated with a higher likelihood of infectious virus isolation compared to Alpha, for both 

vaccinated and unvaccinated individuals18, unlike previous work indicating that the likelihood of 

infectious virus isolation was reduced in vaccinated individuals infected with Alpha30.  Although 

we do not have access to information on vaccination status for our dataset, our data supports the 

finding that higher infectious viral loads are present in Delta vs Alpha samples.  

The data presented here suggests that measuring ‘viral load’ strictly by the amount of 

RNA present in a clinical sample may have limitations. Variability in sample handling, 

vaccination status and days post symptom onset are all potential contributors to the variation we 

observed in genome:focus forming unit (FFU) ratios amongst clinical specimens. However, it is 

well established that the ‘particle:pfu’ ratio for viruses can vary between viral strains and is 

influenced by the cell type or organism the viral sample has been grown in22,31,32. Our data 

indicate that the infectivity of specific SARS-CoV-2 variants may also vary. We propose that the 

relationship between viral RNA and infectious virus should be investigated for future variants 

rather than relying on RNA CT as the sole measurement of viral load. The finding that the Delta 

variant shows increased infectivity compared to Alpha is in line with the increased transmission 

and spread observed for this variant17, as well as reports indicating live virus is more likely to be 

isolated from Delta clinical specimens compared to Alpha18. We observed similar infectivity 

profiles for Delta and Epsilon; however we saw both increased infectivity and an increase in 

overall RNA levels for Delta samples. The dual advantage of higher replication (ie, RNA levels) 

and higher specific particle infectivity (FFU:genome) may provide a possible explanation for 

Delta overtaking Epsilon in the United States during the summer of 2021. The increased 

infectivity we observe in Delta clinical samples underscores the need for increased measures to 
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prevent transmission to those who remain vulnerable, such as widespread vaccination, masking, 

distancing, and improved ventilation. 

 

METHODS 

Selection of samples and typing of SARS-CoV-2 variants using RT-ddPCR and NGS 

surveillance 

Clinical specimens (mostly nasal swabs) that had newly been identified as positive for SARS-

CoV-2 by any of the clinical testing platforms in use at the University of Washington Virology 

Laboratory (UWVL) were selected on three different days: March 25, 2021, August 3, 2021 and 

August 26, 2021. Aliquots from each sample were taken within two days of sample collection, 

de-identified, and frozen at -80 C. The use of deidentified positive specimens for the above 

studies was approved by the University of Washington Institutional Review Board 

(STUDY00010205). Mutations indicating variants of concern were identified in clinical 

specimens using an RT-ddPCR assay similar to that we have previously described in Perchetti et 

al 202133.The assay screens for mutations in the region of the Spike gene encoding the Receptor 

Binding Domain: K417N/T; L452R; E484K/Q; and N501Y. The results were interpreted based 

on NGS surveillance done by UWVL in the period of each sample collection. In the week of the 

March collection, surveillance sequencing identified 31.5% Alpha, 29.5% Epsilon, and 0.1% 

Delta; in the weeks of the August collection, samples were 0.4-0.6% Alpha, 0% Epsilon, and 

98.1-98.5% Delta (https://depts.washington.edu/labmed/covid19/#sequencing-information). For 

the March collection date, Alpha was indicated by 417K, 452L, 484E, and 501Y; Epsilon was 

indicated by 417K, 452R, 484E, and 501N. For the August collection dates, Delta was indicated 

by 417K/N, 452R, 484E/Q, and 501N. Samples not matching these three variant designations 
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were identified in both collections but we did not identify enough of any single additional 

variant/Pango lineage to be useful for statistical comparison.  

 

RNA extractions: 

Total nucleic acid (TNA) in all clinical samples were extracted with an automated guanidinium 

lysis/magnetic silica bead absorption method using MagNA Pure 96 instrument and DNA & 

Viral NA Small Volume kit (Roche, Cat. # 05 467 497 001) according to manufacturer 

instructions. All extractions used 200 µl of input volume and were eluted into 50 µl.  

 

RT-PCR: 

Specific viral RNA was reverse transcribed into cDNA and then amplified in real-time PCR 

reactions using AgPath-ID One Step RT-PCR kit (Life Technologies, ThermoFisher, Cat. 

#4387424M), using 5 µl of extracted TNA per 25 µl reaction. RT-PCR reactions used one of two 

sets of primers/probes: 1) WHO-E, using the E_Sarbeco-F/R/P set34; 2) Mills-sgE, using 

sgLeader-F2, sgE-R, and sgE-P23.  RT-PCR was performed on an ABI 7500 real-time PCR 

system as previously described35. 

 

Focus forming assay: 

SARS-CoV-2 viral isolations were conducted at the UVM BSL-3 facility under an approved 

Institutional Biosafety protocol. Viral titer was determined by focus forming assay in a 96 well 

plate format.  Serial ten-fold dilutions of clinical sample were used to inoculate Vero E6-

TMPRSS2 cell monolayers (60,000 cells/well seeded one day prior) in 96�well white 

polystyrene microplates (Falcon, Cat. # 08 771 26).  50 µL of each virus dilution was inoculated 
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onto the cells and incubated at 37°C in a 5% CO2 incubator for 60 min, after which the wells 

were overlaid with 1.2% methylcellulose (Acros cat. #332620010) in DMEM (Gibco, cat. 

#11965 092) and incubated at 37°C in a 5% CO2 incubator for 24 h. All dilutions were plated in 

duplicate with the exception of the neat clinical sample for which we only had sufficient material 

to plate one well per sample. Infected cells were fixed in 4% formaldehyde in 3 × PBS. Cells 

were permeabilized with 0.1% 100X Triton in 1× PBS for 15 min and then incubated with a 

primary, cross-reactive rabbit anti-SARS-CoV N monoclonal antibody (Sinobiological, 

distributed by Thermo Fisher, Cat. #40143-R001 at a dilution of 1:20,000) followed by a 

peroxidase-labelled goat anti-rabbit antibody (SeraCare, Milford, MA, USA, Cat. #5220-0336 

diluted to 1:4,000) and then the peroxidase substrate (SeraCare, Cat. #5510-0030). Plates were 

imaged on a BioTek ImmunoSpot S6 MACRO Analyzer and foci were counted using an 

automated virus plaque counter as previously described36 and then manually corrected. 

 

Statistical Analysis 

Data were analysed using R37.  Titers were log transformed, so care was required for the 

substantial fraction of samples that had titres below the limit of detection (LoD), and several 

different approaches were considered: removal, assignment to the LoD (20), and assignment of 

sub-LoD values (LoD/10=2, LoD/100=0.2).  Linear regression was employed to model the 

relationship between titer and CT(E) or CT(sgE).  Interaction terms between the CT values and 

variant were not significant and were dropped in favor of a simpler variant intercept only model, 

with all variants sharing a common slope.  Models where titers below the LoD were removed 

remained significant, and had similar effect sizes to the one-tenth LoD approach which was 

considered optimal.  With below-LoD titers removed entirely, the CT(E) fold change for Delta vs 
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Alpha was 5.8, while set to LoD (20), LoD/10 (2), and LoD/100 (0.2) before log transform 

respectively, fold changes were 4.1, 5.9, and 8.4, indicating that setting these values to LoD/10 

prior to log transform fits well with the trends observed in the above-LoD values, and does not 

exert undue influence.   A quasi-poisson regression using non-transformed 0 values was also 

considered and produced comparable estimates of a 6.4-fold change. 
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FIGURE LEGENDS 

Figure 1. Epsilon and Delta SARS-CoV-2 variants have a higher ratio of infectious virus to RNA 

than the Alpha variant in clinical specimens. 
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A set of 165 clinical swab samples from individuals infected with the Alpha (teal circles; n=21), 

Epsilon (orange triangles; n=31) or Delta (purple squares; n=55+58) SARS-CoV-2 variants of 

concern was used to determine the relationship between viral titer and viral RNA levels for each 

sample. A) For each clinical sample total E RNA (RT-PCR CT detected by WHO-E primer/probe 

set38) and B) subgenomic E RNA (RT-PCR CT detected by the Mills-sgE primer set we 

previously developed23) is plotted on the X axis. Viral titer for each sample (FFU/mL measured 

by viral focus assay) is plotted on the Y axis. The limit of detection for infectious titer is 20 

FFU/mL and is indicated with a dashed line. Samples for which we could not measure a viral 

titer were randomly assigned a value between 1.5-2.5 for display purposes. Lines of best fit and 

95% confidence intervals were generated by linear regression on log transformed data, with un-

detected viral titers assigned fixed values of one tenth the Limit of Detection, i.e. 2 FFU.  
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